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ABSTRACT
PERFORMANCE STUDIES OF A WORKING SOLAR HOME by A. D. BRYAN
SUBMITTED TO THE DEPARTMENT ON JUNE 15, 1977, IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE OF MASTER OF ARCHITECTURE
This paper describes and analyzes a solar home built by the Black River Construction Co. in Vermont
in 1974. The house is heated with a woodburning stove and a hot air solar collection system. Heat
from the solar collector is stored by containerized water located in the bedroom ceilings. The
kitchen, dining room and living room are located on the floor above the bedrooms. Heat is introduced
at the bedroom level; hot air is allowed to rise up an open stairwell to heat the upper level. The
building and the heating system are presented in detail with photographs, architectural illustra-
tions, construction details and specifications.
The results of monitoring the heating load of the building are compared to theoretical predictions.
The effectiveness of the hot air heat distribution system is analyzed. Test results of the solar
collection system performance are presented. The seasonal heat output of the solar collector is
projected from efficiency tests. The dollar value of the useful heat produced is investigated in
terms of the first costs of the solar heating system.
The theoretical heat loss projections were found to be very close to the heat losses measured in
March. The gravity heat distribution method was judged to be very successful both qualitatively and
quantitatively. The cathedral ceiling in the living room was found to create no particular comfort
or heat loss problems. The small floor to ceiling temperature gradient in the living room was at-
tributed to the circulation pattern created by heating the room by warm air supplied from the bed-
room level. The solar collector was estimated to provide about 40% of the seasonal house heating
load. The collector was found to be performing well compared to a widely used commercially manu-
factured collector. An economic analysis of the entire wood/solar/electric heating system showed
that it would be competitive with electrical resistance heating. The system could also be econom-
ically competitive with an oil-fired system if oil prices inflate at an average rate of 12.5% over
the next 25 years.
Thesis Supervisor: Timothy E. Johnson
Title: Research Associate and Lecturer in Archhtecture
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INTRODUCTION
10
In 1974 the Black River Construction Co. designed and built a home for Peter and Mary Hood
in central Vermont. The primary objectives were to produce an economical building which closely
matched the Hoods' needs and personal preferences and which could be kept comfortable during the
severest winter conditions using indigenous energy sources (wood and solar heat). This paper docu-
ments a series of investigations into the thermal behavior of this home.
The study ranges in scope from siting considerations to an investment analysis of the
solar heating system. The house is treated as a total environmental system since its climatic re-
sponse is a function of many inter-related variables. For instance, the spatial organization of
the rooms was developed specifically to fit the heating methods and is treated as an integral part
of the heating system.
Although the climatic performance is closely coupled to the architecture of the building,
no attempt is made in this report to evaluate the building in terms of the subjective aspects of its
architecture. The intention is to present enough visual information for the reader to draw his own
conclusions and to generalize these conclusions to his own ends. In fact, the same reasoning applies
to all the results of this performance study. This building is a solution to a very specific problem.
By presenting the house description and performance results in detail, it is hoped that others can
abstract pieces of information pertinent to their own needs.
Thermally-engineered residential buildings and in particular 'solar homes' are being con-
structed at an increasing rate. Some of these will be tested via the Federal Solar Heating and Cool-
ing Demonstration Act. Under this legislation the Government generally subsidizes the cost of the
solar heating system; a private organization pays the rest of the building cost. This funding is de-
signed to encourage full-scale experimentation while protecting the consumer from unsuccessful ex-
periments. As a result, there is no 'pre-identified' client; the buildings are created as 'spec
houses' which can be sold only after Federal approval is granted. Nevertheless, considering that the
Government is often providing 10% of the building cost, there is ample opportunity for profit-taking
on the part of architect-builder-developer teams receiving these grants. Not surprisingly, much of
the most innovative and cost effective design is carried on outside these channels. The bulk of
these buildings will probably not be adequately studied. One of the basic problems is that tradi-
tional electronic monitoring systems are beyond the means of small organizations or private individu-
als. Typically laboratory-type systems designed to automatically record multiple temperatures, wind-
speed, solar radiation and other operating variables cost on the order of $3500.00.
An ancillary goal of this project was to develop a reliable instrumentation system which
would cost less than $1000 and which could provide recorded data at an accuracy of tlO%. This type
of low cost system could potentially make performance datae available from well-designed buildings
which might otherwise be built and forgotten. In retrospect, if anyone out there has such a system,
I'll take one.
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BUILDING DESCRIPTION
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NORTHEAST VIEW
General House Description
The Hoods' house is located on a six-acre piece of wooded land
near Montpelier, Vermont. The property slopes gently downhill toward the
west from a town road. In siting the building, the major consideration
was to build far enough from the road to create a protected yard in the
woods, while still maintaining proximity to the road to minimize driveway,
electrical service costs and snow-plowing. Consequently, the building was
placed about 250 feet from the road and visual access was reduced by means
of a curved driveway.
The land contours and a tool shed were used to create an upper
entry yard and a lower more protected area outside the garage, likely to
contain vehicles and machinery in various stages of decay and rehabilita-
tion. ISoN
EXTERIOR SPACES I
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On the most basic level, the design requirements called for a
relatively small, economical, 3-bedroom home with drive-in workshop space.
However, an additional requirement was that the heating system be independ-
ent of the vicissitudes of centralized energy production and distribution.
Wood stoves and solar heat were chosen as the best alternative. Satisfy-
ing this goal involved first designing a tight, well-insulated building.
The foundation was sunk in the ground as deeply as program and site con-
tours would permit. North-side entry was provided through a mudroom ad-
joining but outside of the insulated building envelope. Thermopane win-
dows and storm doors were planned for throughout, and windows were concen-
trated on those walls providing the highest winter solar heat gains. The
wall system was designed to hold six-inch thick fiberglass insulation.
SECOND LEVEL PLN
C0LlJiBEl INTERSECTION
General House Specifications
Living area (2 floors): 1200 ft2
Garage/workshop area: 640 ft 2
Mudroom area: 63 ft2
Deck areas: 132 ft2
Insulation (walls, ceiling,
floor): 6" fiberglass
Living area glass (thermopane):
north side 13 ft2
south side 66 ft2
east side 58 ft2
west side 62 ft2
Structural system: laminated post and beam
Foundation walls: 8" reinf. concrete
Foundation floor: 4" reinf. concrete
Structural System
The structural system is a hybrid post and beam type. All major
structural members are six inches wide in the east-west direction and are
formed of three laminations of rough-sawn lumber. At post/beam intersec-
tions the laminations are interleaved to provide structural continuity.
This system provides interior visibility possibilities similar to tradi-
tional post and beam but avoids both the labor of cutting mortise and
tenon joints and the handling of massive beams. The house was erected in
the form of four quasi-stable trusses and then roofed before infilling with
stud walls. This allowed the building to be weather-protected 12 days af-
ter the beginning of the framing operation. Full lateral stability was
MAJOR STRUCTURAL SYSTEM achieved through secondary diagonal bracing and a small amount of plywood
sheathing at northeast and northwest corners. 1 1/2" X 6" studs were used
in the plane of the exterior structural members. Since the studs were not
required to carry vertical loads, they were applied horizontally to provide
a nailing surface for the final vertical board siding. The structural
trusses were used to define three north-south bays of widths 10 feet, 8
feet, and 10 feet. The 8-foot wide central bay was used to contain the
stairways and the concrete chimney for the wood stoves.
Heating Concepts
The interior house volumes were designed and organized to be
heated by warm air provided by a wood stove and/or the solar heating sys-
tem. In order to insure cold weather comfort with a minimum of heat dis-
tribution equipment, the areas requiring the most heat most frequently
were located highest in the house. The kitchen, dining and living room are
L..
on the upper level, bedrooms and bathroom on the middle level. This is, of
course, an inversion of normal house organization. Its major objection is
the impact of a flight of stairs between grade and living room. Accord-
ingly, the progression from entry to living room is broken into two inter-
mediate level changes by the mudroom and an interior landing. In order to
provide outdoor spaces at each level, the floor joists extend through the
building skin on the west to create a series of small decks. Warm air is
introduced at the bedroom level and allowed to rise up the open central
stairwell to the living/dining/kitchen level. At night a sliding door can
be pulled across the stair opening to retain heat at the bedroom level.
This system has worked surprisingly well. So well in fact that a Franklin
stove originally located in the living room for -dead-of-winter heating was
removed and sold. The operation of the gravity heating system will be in-
vestigated on a more quantitative basis later in this report.
Wood Heating
The wood stove is located in the second level hall directly at
the foot of the stairs. It is an air-tight Ashley Cabinet Heater and has
been shown to be capable of carrying the entire winter heating load of both
the second and third floor with morning and evening firewood loading. Ac-
cess to the wood supply is facilitated by a firewood door on the lower
landing. The garage/workshop is heated by its own 'Dynamite' stove. Since
the floor of the bedroom level is well-insulated, the garage only needs to
be heated when it is actually in use.
COLECTOR IETAIL
*Sun-Lite Premium, The Kaiwall Corp.,
Manchester, N.H.
FIBERGLASS iQNTING DETAIL
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Solar Heat Collection
This is a fully-automated hot air system which charges contain-
erized water heat storage located in an insulated sandwich in the bedroom
level ceiling. To achieve compatibility with the house structure, the
collector and storage system were divided into an east and west half, each
operated by its own blower and duct dampers though both are activated by
one central control system. The collector heat absorber is galvanized
iron roofing. It was cleaned with muriatic acid, primed with zinc chro-
mate and then spray-painted with automotive black enamel. Air is circu-
lated behind the collector plate to carry the heat into the house. The
rear of the air duct is 1/8" tempered masonite and after 2 years of serv-
ice shows no deterioration. The back of the plate was roughened with steel
sand-blasting grit embedded in a light matrix of polyurethane varnish to
improve heat transfer. The varnish and grit were cycle-tested with infra-
red lamps and fans to simulate 5 years of use. There were no visible signs
of bond weakening. Heat is trapped at the absorber plate by two layers of
glazing. The outer layer is a long-life translucent fiberglass.* The
panels were dished to force water to run away from the vertical joints.
Initially the fiberglass was simply stapled at its edges to the rafters.
However, during construction the collector was allowed to run unvented at
stagnation temperatures. Since longitudinal expansion was constrained,
the fiberglass warped. It was not felt that this affected collector per-
formance, but visually it was 'not too slick.' Consequently, a more so-
phisticated mounting detail was designed and the fiberglass was remounted.
Unfortunately, the material appeared to have 'memorized' its original buck-
ling pattern and the warpage returned. Novertheless, it appears to be a
workable detail. The material can move longitudinally on its track. Ex-
pansion in the horizontal direction occurs through slight changes of curva-
ture. Preceeding remarks notwithstanding, this material so far has proven
to be a durable weather skin. It has been pushed beyond its limits several
Collector Specifications
Net collector area: 397 ft2
Collector air duct depth: 2 inches
Collector air path length: 15 feet
Collector tilt: 60 degrees
Collector orientation: true south
Collector latitude: 44 degrees
Outer glazing: Kalwall Sun-Lite Premium fiber-
glass, .040 inches
Inner glazing: 3/16 inches glass
Absorber: corrugated galvanized iron, roughened
rear surface
Collector area:
east side 179 ft2
west side 218 ft2
Air flow:
east side 290 cfm
west side 455 cfm
Cfm/ft2 collector:
east side 1.6
west side 2.1
Collector airspeed:
east side 146 fpm
west side 188 fpm
Centrifugal blower power:
east side 1/6 hp
west side 1/6 hp
times by stones catapulted across the yard by a rotary lawnmower. These
punctures were easily repaired by patches cemented over the holes with
clear silicone caulking. Glass rather than fiberglass was chosen as the
inner layer of glazing for its stability at high temperatures (250*F.).
The collector is isolated from the house by six inches of fiberglass in-
sulation.
Cool air is distributed to the collector duct air channels at an
insulated plenum in the garage ceiling and picked up at an insulated plenum
in the living and dining rooms. The collector actually stops at the garage
ceiling. The two layers of glazing continue down to the concrete south
wall to provide daylight for the garage and workshop. This also provides a
place for several feet of snow to build up without interfering with heat
collection. The air flow was equalized in the eleven collector channels by
adjusting the opeining width of each channel into the top plenum with mason-
ite baffles. The blowers draw air up the collector and force it through
the storage sandwich. By the time the air completes its loop back to the
bottom plenum, the total pressure of the air has been reduced by friction
losses through storage and ductwork. Theoretically there is then a nega-
tive pressure at the top of the collector, a positive pressure at the bot-
tom, and the point of zero pressure relative to atmospheric pressure occurs
somewhere in the collector. The other possible blower location is at the
bottom of the collector. In this case, the entire collector sees rela-
tively high positive static pressures and is more prone to air leaks. Air
leakage in the collector is particularly critical compared to leakage in
other parts of the system since it will represent unrecoverable heat lost
to the environment rather than heat losses from the storage or ductwork
into the house.
*Bottles generously supplied by F. X. Matt,
Utica Club Beer, West End Brewing Co.
HEAT STORAGE SECTION
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Solar Heat Storage
The heat storage was placed within the heated building envelope
so that heat losses from it would result in useful house heat. The storage
system was placed in the ceiling for several reasons. First it was an eco-
nomical location in terms of construction effort. It is essentially a long
wide accessible air duct without turns or twists. Second, it is a rela-
tively inexpensive piece of space, since the storage mass does not take up
valuable floor space but rather uses excess headroom in small rooms which
do not need eight-foot high ceilings. Water was chosen as the heat storage
medium for its high heat capacity to weight ratio. The water was placed in
small containers to provide a large heat transfer area. Glass bottles were
chosen as a long lifetime material without corrosion problems.* The owner,
being in the insurance business, felt that although the possibility of the
water freezing, bursting the bottles and sending the second floor awash
was extremely remote, it would definitely occur. Consequently, the solu-
tion in the bottles is 25% (by volume) ethylene glycol antifreeze. The
bottles are set in straight rows parallel to the airstream. The bottles
in each row are butted, and the rows are spaced about one-half inch apart
to provide an airpath. The bottles are not the ideal shape for space util-
ization because of the slender necks. In addition, the necks provide an
easy air flow path in which the air is contacting the glass above the main
volume of water. The effects of this situation should surface during test-
ing of the storage system. The weight of the storage introduces an addi-
tional building load of about 25 pounds per square foot which is well
within the means of conventional wood frame construction. Compared to a
'rock-bed' heat storage system, it provides about the same amount of heat
storage per cubic foot of space but weighs only about one-third as much.
The amount of heat storage allocated to each half of the collector system
was based on economic constraints. Intricate ductwork and scattered
patches of storage were avoided. As much contiguous ceiling space was
23
*Control system developed through the untiring
efforts of P. 0. Hood.
TYPICAL DUCT SWITCHING DETAIL
used as could be made available without upsetting other architectural re-
quirements. This produced a rather small storage system but also one
that was economical per square foot of area covered. All the water con-
tainers were filled, capped and installed over one weekend by a crew of
volunteers. The thermal effects of this storage size and configuration
will be explored in later chapters.
Control System
The collector system switches automatically between three oper-
ating modes: heat collection and storage, house heating from charged
storage, and heat collection and house heating through charged storage.*
The change in airflow paths necessary to produce these operating modes is
accomplished by electrical activation of sheet metal dampers inside of the
insulated air ducts. The dampers are rotated on shafts powered by the ex-
pansion and contraction of electrically-heated bimetallic coils. These
damper 'activator' units are commercially available and cost about one-half
as much as duct control motors. The maximum damper rotatation at any duct
intersection in this system is 120 degrees. It takes about 10 minutes for
the damper to complete this rotation from the time power is applied to the
heating element by the control system. The control system determines the
appropriate operating mode through a series of temperature comparisons.
This decision process is depicted in the system logic diagram and by the
control system wiring diagram in the appendix. The system will put heat
into storage whenever the collector absorber is 30F. hotter than the mid-
storage temperature. The system will discharge heat from storage into the
house whenever a thermostat in the living room calls for heat but only if
the storage is warmer than a preset temperature (currently set at 800F.).
The coldest air in the house which settles at the lower landing is then
returned to storage. Furthermore, if the conditions are met simultane-
ously for heat collection and house heating, hot air will be moved from
24
Heat Storage Specifications
Total heat capacity (water,
glass, antifreeze): 3328 Btu/*F.
Volume heat capacity: 18 Btu/ft3 "F.
Area heat capacity: 14.5 Btu/ft2 oF.
Void fraction: 60%
Equivalent pure water heat capacity: 400 gals.
Equivalent gallons of water
per ft2 collector: 1.0
Number of 16 oz. bottles: 2912
Area covered: 231 ft2
Floor loading: 25 lbs./ft2
Freezing point: 12*F.
Total heat capacity:
east side 1094 Btu/*F.
west side 2234 Btu/*F.
Equiv. gals. of water per ft2 collector:
east side .7
west side 1.2
Area covered:
east side 76 ft2
west side 155 ft2
Air Duct Specifications
Number of damper activators:
Average duct wall thermal
resistance: 6
Typical duct inner cross-sect
east side .78 ft2
west side .93 ft2
Typical duct airspeed:
east side 372 fpm
west side 490 fpm
4 per side
hr OF. ft 2/Btu
ional area:
bypass duct closed
blower on
heat storage
warm air to bedroom level
air filter
cool air from lower landing\
SCHEMTIC: SIMULTANEOUS HEATIN4G AND HEAT COLLECTION
the collector, through the storage and into the house. Cool air is then
returned from the lower landing to the collector. In the event that hot
air is desired directly from the collector without going through the stor-
age, small vents can be opened in the ceiling of the master bedroom and
guest room to provide direct heat to these rooms.
The hot air input registers to the house are located in the
study and master bedroom. If the doors to these rooms are open, the warm
air moves into the hallway. If the sliding stairwell door is open, the
air rises up to the kitchen/dining/living level. The warm air can be re-
tained at any of these points by closing the doors.
System Costs
Component Materials Labor Total
Collector
Ductwork &
Storage
Controls &
Blowers
$ 890
1000
500
Conventional construction of
$ 660 $1550
2270
300
Total
collector
wall
Cost of storage space
Net System Cost
Total cost per ft2 of collector aperture
3270
800
$5620
- 355
+ 200
$5465
$13.75
Solar Heating System Costs
The cost estimate in the accompanying table is based on an analy-
sis of the construction records for the Hoods' house. The material prices
span the period from 1974 through 1976. The average labor rate was $5 per
hour. Some of the labor was donated by friends; most of the work in de-
velopment and construction of the control system was performed by Peter
Hood. This 'free labor' time was accounted for in the estimate at $5 per
hour. The actual 'out of pocket' cost for the Hoods was about $4700.
The cost to build a conventional wall instead of the solar col-
lector was deducted from the system cost. This deduction was derived by
estimating the cost to sheath and side the collector wall instead of the
cost to build the collector. The net effect of this deduction was to
bring the collector cost down to about $3 per square foot more than build-
ing a conventional wall. The heat storage does not take up any floor area,
but it does reduce the ceiling height in the bedrooms by about one foot.
The spatial cost of the storage units was considered equivalent to increas-
ing the building height by one foot. The height increase adds about 100
square feet to the building surface area. The cost to build this addi-
tional surface area was estimated at $2 per square foot. The final net
system cost is estimated to be $5465 or $13.75 per square foot of inter-
cepted sunlight.
Electric Heat
Electric baseboard heating units are the final heating source.
They were installed primarily to give the owners independence from the
house in winter. Enough electric heating units were installed to keep
the house at 50'F. under deep winter climatic conditions without sun or
wood heat. This insures that the house could be left unattended for long
winter periods without fear of freezing. There is also an electric base-
board unit in the plumbing room to keep pipes from freezing. The pipes
from this room move up through the bathroom to the kitchen sink within a
plumbing stack. Heat rises from the plumbing room up this chase protect-
ing the entire plumbing system. To date, the electric heat use has been
negligible.
Summer Ventilation
Casement windows were installed on east and west walls to provide
summer cross-ventilation. In general, the windows on north and south walls
are not openable. Fixed thermopane units were used to avoid unnecessary
winter infiltration. In addition, a barn ventilator was installed on the
roof at the peak of the living room cathedral ceiling. The ventilator is
actually a venturi which rotates with the wind. Wind moving through the
conical part of the ventilator creates suction to draw the hottest air in
the house out of the cathedral ceiling. The opening in the ceiling is in-
sulated and sealed shut in the winter.
The collector is cooled in the summer by two air vents which con-
nect to the top plenum and project outside the building through the third
level south wall. The entire length of the bottom plenum can be opened in-
to the garage. Hot air escaping through the top ducts is replaced by cool
garage air.
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AND
EXPERIMENTAL TECHNIQUE
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Assumptions
Weather datae: The Climatic Atlas of the United
States
Av. internal temp.: 66'F.
Garage ceiling temp.: halfway between internal
and ambient temp.
Effect of partial attic: increase roof thermal
resistance by two horiz. still air
films
Effect of mudroom: increase adjoining insulated
wall resistance by two vertical still
air films
General
In this chapter theoretical aspects of the building's thermal
performance are discussed, and performance characteristics requiring ex-
perimental investigation are identified. A list of critical variables
which need to be experimentally monitored is developed.
Building-Skin Thermal Performance
The standard methods for predicting heat losses from buildings
are described in the ASHRAE Handbook of Fundamentals. These are the meth-
ods normally used by architects and engineers to size heating systems, pre-
dict monthly heating bills and to make design decisions relating to energy
use in general. The result of such a study for the Hoods' house is shown
in the accompanying graph (fig. 1). The occupied heating load estimate in-
cludes increased heat losses from opening of doors but also includes in-
ternal heat gains generated by lights, cooking and body heat. According to
the ASHRAE calculations performed here, these two effects largely offset
one another.
The method for estimating heat conduction losses through build-
ing envelopes is well documented and can be predicted by ASHRAE methods
with an accuracy well within 10%. However, the effect of an unheated
space placed in the heat flow path between a heated space and the outside
is difficult to predict if not indeterminate. For example, a full attic
with an insulated floor and vents in the end walls appears to have been
adequately studied. However, the attic in this house only covers about one-
third of the top floor, is insulated at the roof, and is not 'hermetically
sealed' from the adjoining rooms. We know from observing the snow-melt
patterns on the roof that it does have an insulating effect, but how great
is it? Would it have been wiser to insulate the attic from the rooms rather
Assumptions (cont'd.)
Av. windspeed: 10 mph
Occupied internal heat generation:
2 people, 2 dogs 12,000 Btu/day
lights 1.25 watts/ft 2, 5 hrs/day
cooking 1000 Btu/day
Infiltration calculation: 'crack method'
Effect of opening doors: air leakage through
doors increased by a factor of two
Resulting air change rate:
unoccupied .42 changes/hr.
occupied .63 changes/hr.
than from the outside environment? The same general types of questions ap-
ply to the garage and mudroom. In order to better understand the effects
of these spaces on the overall building thermal performance, their tempera-
ture variations will be monitored. If a predictable temperature relation-
ship exists between these spaces, the adjoining heated spaces, and the out-
door air, then the effective thermal resistances of the unheated spaces can
be estimated (fig. 2).
ANALYTICAL METHOD FOR DETERMING THE EFFECTIVE
THERMAL RESISTANCE, RUi OF UNHEATED SPACES
Environment
Series
T - -
a
Unheated Space
FIG. 2
Heated Space
Rubldg. skin
T = experimentally determined temperature, *F.
R = thermal resistance, hr.*F.ft /Btu
Rbldg. skin is known theoretically 2
The rate of heat flow through unheated space per ft of building skin =
2
the rate of heat flow through building skin per ft building skin
so that (1/Ru )(T u-Ta) = (1/Rbldg. skin i-Tu
and Ru = Rbldg. skin(T uTa)/(T i-Tu)
Heat Flow
------------ 
--
u
*D. R. Bahnfleth, T. D. Moseley and W. S.
Harris, "Measurement of Infiltration in Two
Residences," Transactions of the American So-
ciety of Heating and Air-Conditioning Engineers,
Vol. 63, 1957, pp. 439-476.
*C. M. Hunt and S. J. Treado, A Prototype Semi-
automated System for Measuring Air Infiltra-
tions in Buildings using Sulfur Hexafluoride
as a Tracer, NBS Technical Note 898, U.S. Dept.
of Commerce, National Bureau of Standards, 1976.
Another source of building heat loss which is difficult to esti-
mate is air leakage. The problem of assessing how 'tight' a building is
and estimating its rate of cold air infiltration under various climatic con-
ditions is quite complex. In addition, the heat lost by infiltration under
actual use conditions is strongly coupled to the frequency with which ex-
terior doors are opened and closed. There is relatively little field data
available on infiltration loss in either occupied or unoccupied buildings.
ASHRAE provides two general methods for estimating this type of heat loss;
the 'crack method' and the 'air change method.' For residential scale
buildings the crack method provides a way to relate the infiltration losses
to average windspeed. For many site conditions, including the Hoods' site,
the average windspeed is relatively constant throughout the heating season.
The use of these methods would then predict a constant infiltration rate.
However, infiltration studies have shown that the infiltration rate in
residential buildings is as closely coupled to indoor-outdoor temperature
differentials as it is to windspeed.* In fact, for the buildings studied
in the footnoted report, a drop in outside air temperature of 50'F. could
double the infiltration rate. This imposes a 'double-whammy' on the heat-
ing system. Not only is the winter air much colder, but increased winter
indoor-outdoor temperature differences can cause it to leak in twice as
fast. The theoretical heat loss graph for the Hood house is based on the
ASHRAE 'crack method' and assumes a constant infiltration rate throughout
the year. This is probably the best 'desk top' method available although
the selection of the air leakage parameters is more or less a 'black art.'
Professionals in the heating field appear to base their parametric assump-
tions on intuition and on what their colleagues are using. Since air
leakage can easily account for 30% of the entire heating load, uncertain-
ties in this area can be significant.
Infiltration can be studied on site by injecting a small amount
of tracer gas into a building and measuring its concentration decay rate.*
Although the time frame of this particular study does not permit a tracer
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gas analysis, it may be possible to get some experimental data on infil-
tration losses using less sophisticated techniques. If the house is
heated solely by its baseboard electric system for several days, the amount
of heat supplied during this period can be easily obtained by metering the
electrical power consumption. If these measurements are made during over-
cast weather, the variables of solar heat gains through windows and solar
heat gains via the solar collector system are eliminated. If outdoor
temperatures and internal temperature distributions are measured during
this period, the house can be 'calibrated' in terms of heat loss per hour
per degree of indoor-outdoor temperature difference. A theoretical heat
loss analysis can be performed for the calibration period. As described
earlier if temperatures in unhe'ated spaces adjoining the living spaces are
also measured, the overall building conduction losses can be accurately
estimated. If the theoretical heat loss is set equal to the electric
heat supplied, the equation can be solved for the infiltration rate. For
the occupied house, internal heat gains (people, lights, cooking, etc.) can
be observed and accounted for. If automatic recording apparatus is avail-
able, the same experiment can be performed for the unoccupied situation.
By comparing these two tests, the relationship between heat loss and occu-
pancy characteristics can be investigated.
Solar Heat Gains Through Windows
The solar heat gain graph (fig. 3) shows that sunlight entering
through the windows of this building provides a significant portion of the
seasonal heating load. Also note the importance of snow cover in reflect-
ing in additional energy during the time of year when it is most needed.
However, this graph is somewhat misleading. The heat loss from these win-
dows is included in the overall house heating load curve. The energy that
they provide during daylight hours is in large part energy that they lose
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Window-Solar Gain Assumptions
Clear day radiation from 'solar heat gain
factors': ASHRAE Handbook of Funda-
mentals, 1970
Av. ground reflectance:
no snow cover 20%
with snow cover 80%
Glazing correction: reflection losses from 2
layers of glass
Avg. tree shading of beam radiation:
south 0%
east 40%
west 20%
North glass sky view: 70% of available diffuse
radiation
over each 24 hour period. The net effect is shown in the second graph
(fig. 4). Most thermopane window orientations in this climate lose more
heat than they gain during the heating season. South windows are shown
as the best case in that they stay slightly on the positive side throughout
the winter. The net heating load graph (fig. 5) is formed by deducting
the average daily solar gains from the average daily occupied heat losses.
This graph represents the average daily load on the house heating systems.
The area under this curve represents the total quantity of heat required
to maintain internal comfort conditions through an average heating season.
This translates to about $630.00 worth of electric heating at 54 per
kilowatt-hour or about 5 cords of hardwood if the heat were provided en-
tirely by the wood stove operating at a 50% combustion efficiency. This
is a credible energy requirement in light of the Hoods' experience in heat-
ing the house before the solar energy system was operational. The wood
consumption for heating the house solely with the wood stove was 5 or 6
cords per season. This figure will be compared to the experimental results
of the house heat loss calibration.
Gravity Heat Distribution System Performance
The house has been organized to allow hot air supplied at the
bedroom level to move up the stairwell to heat the living/dining/kitchen
level (essentially open-plan) by natural convection. In order to quantify
the successfulness of this distribution system, two variables will be
monitored: internal air movement and temperature distribution. By meas-
uring air movement, the major routes of warm and cool air flow can be lo-
cated. Then by measuring temperatures at maximum and minimum points along
these routes, the gravity distribution system and building organization can
be assessed in terms of its impact of heat loss and comfort. These meas-
urements will be made for as many conditions of outdoor temperatures and
combinations of heating modes as time permits.
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Window solar Gain Assumptions (cont'd)
Av. monthly % of possible sunshine: from The
Climatic Atlas of the United States
Cloud cover correction:
Fraction of clear day radiation
available = .30 + .65 (% poss. sun)
From The Solar Home Book, Anderson,
Riordan, Cheshire Books, 1976
Flat-Plate Collector Performance
Qu/A = I(T)(A) - UL(tp-ta) (Equation 1)
where:
Qu Btu/hr
A = ft2
and:
Qu/A = rate of useful energy extraction
per ft2 of absorber surface
I = total solar energy incident on
the plane of the collector,
Btu/hr ft2
(T)(A) e = effective transmission--
absorptance product
UL = collector heat loss coefficient
Btu/hr "F. ft2
tP = absorber temp. 'F.
ta = ambient air temp. *F.
source: Development of Proposed Standards for
Testing Solar Collectors and Thermal
Storage Devices, NBS Technical Note
899, U.S. Dept. of Commerce, National
Bureau of Standards, 1976.
Solar Heat Collection System
The basic approach to analysing the solar collector will be to
determine its heat collection efficiency as a function of several critical
climatic variables. Initially and for the purposes of this report, the
datae collected will be a 'spot check' covering only a portion of the heat-
ing season. Nevertheless, the efficiency datae can be used to project the
entire amount of useful heat collected during a year of average weather if
it is plotted as a function of the variables described in the collector
performance equation.
The basic collector performance equation is shown in Equation 1.
The term I(T)(A) represents the quantity of energy which is transmitted
through the collector glazing and absorbed by the collector plate. UL de-
scribes how well a given collector can retain the heat it absorbs. The
term (t P-t a) describes the magnitude of the driving force behind this heat
loss. In order to simplify studying collector performance, the collector
plate temperature can be replaced by the average temperature of the heat
transfer fluid (air in this case). To account for temperature differences
between plate and fluid, a heat transfer factor F' is introduced. This
second equation can then be rearranged to express collection efficiency as
a function of collector characteristics (F', ti, to, ta, I). This result
is shown in Equation 2.
If the terms F'(T)(A)e and F'UL are assumed to be fixed charac-
teristics of a given collector, the efficiency can be plotted against:
t. + to 
- t
2
I
Ideally, the result is a straight line graph whose slope is a function of
the collector heat loss. This term reduces to zero when the average col-
Modified Flat-Plate Collector Performance
if:
t = inlet air temp. *F.
to = outlet air temp. *F.
F' = actual energy collected + useful
energy collected if the entire
collector surface were at the
av. fluid temp.
then the equation may be rewritten:
t. + t
Qu/A = F'(T)(A)eI - F'UL( 2 t a
and rearranged:
t. + to
Qu/AI = F'(T)(A) - F'UL 2ae -FU L 2 (Eq. 2)
where:
Qu/AI = (actual energy collected
solar energy indicent upon
collector) = collector
efficiency
lector fluid temperature is equal to the ambient air temperature (zero heat
loss situation). The graph intercept is then F'(T)(A) ; that is, at zero
heat loss the instantaneous collector efficiency is related to the fraction
of incident energy which is absorbed by the collector plate. This stand-
ardized method of describing flat-plate collector performance provides a
clear method of comparing different collector configurations. Dubin-
Bloome Associates has recently compiled a single graph of this type, com-
paring the performance of 19 different currently manufactured collector
systems (fig. 6).
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I
*J. Hill et al, Development of Proposed Stand-
ards for Testing Solar Collectors and Thermal
Storage Devices, NBS Technical Note 899, U. S.
Dept. of Commerce, National Bureau of Stand-
ards, 1976, p. 64.
*C. C. Smith and T. A. Weiss, "Design Applica-
tion of the Hottel-Whillier-Bliss Equation,"
Solar Energy Vol. 19, no. 2, 1977, pp. 109-113.
*J. Hill et al, Development of Proposed Stand-
ards for Testing Solar Collectors and Thermal
Storage Devices,, NBS Technical Note 899, U. S.
Dept. of Commerce, National Bureau of Stand-
ards, 1976, p. 77.
Although the implementation of a standard method of presenting
instantaneous efficiency is a welcome development, all is not roses. The
production and interpretation of these efficiency graphs are complicated
by the fact that the terms F'UL and F'(T)(A)e are not truly constant.
F'UL varies with ambient and operating temperatures. For a collector with
double glazing, F'UL can vary on the order of ±10% over the range of
normal operating temperatures.* This means that a certain amount of scat-
ter can be expected in the data points. F'UL is also dependent on wind-
speed. However, for a double-glazed collector and winds under 15 mph, the
effect should be small compared with the temperature dependency effects.*
The term F'(T)(A)e is dependent on the angle of incidence be-
tween the solar beam and the plane of the collector. For a south-facing
double-glazed collector, the fraction of available energy which reaches
the collector plate can increase on the order of 30% between 9 am and solar
noon.* In order to describe this variation of the effective absorptance,
a set of performance curves can be plotted, each curve representing a dif-
ferent incident angle. A simpler presentation approach would be to plot a
single curve representing an average of the efficiencies at various inci-
dent angles weighted to reflect the increase in solar heat flux at the
lower incident angles near noon. Unfortunately, the data available today
from solar collector manufacturers normally shows only a single line plot
without a statement of what angles of incidence the graph represents. We
can only assume that these are optimal performance graphs derived from data
taken only when the solar beam is nearly perpendicular to the plane of the
collector.
The collector instantaneous efficiency can be determined if the
airflow rate is known and if ti,t 0 and I are measured. Equation 3 yields
the rate of useful heat collection. The instantaneous efficiency is then
found by dividing the heat collected, Qu/A, by the incident solar radia-
tion, I, at the moment when temperatures to and t i are measured. The
Instantaneous Heat Collection
Qu/A =
where:
(R)(D)(C) (to-ti) (Equation 3)
Qu/A = rate of useful energy extrac-
tion per ft2 of absorber surface
R = airflow rate per ft2 absorber
surface, ft3/hr/ft2 coll.
D = density of air, lbs/ft3
Cp = specific heat of air, Btu/lb *F.
to = collector air outlet temp. F.
to = collector air inlet temp. *F.
performance graph will be produced by plotting these instantaneous ef-
ficiency values against the appropriate performance factors:
t + ti t
a
2
I
The collector heat loss term, FUL, will be investigated directly
by blowing hot air from storage through the collector at night. This night
heat loss experiment can accurately model heat losses during heat collec-
tion hours if the ambient air temperature is low enough to produce tempera-
ture differentials analogous to the heat collection situation. For this
experiment, solar radiation is equal to zero and:
Qu/A = -F'ULti + to - ta
If Qu/A is set equal to the heat loss calculated from Equation 3, FUL may
be found. This value should be representative of the slope of the collec-
tor performance graph.
Thermal Storage System
The heat storage system operation is uni-directional. Air is
blown through it from south to north for both charge and discharge cycles.
If the performance of this containerized water system is similar to that
of rock-bed storage systems (which have been extensively studied), signifi-
cant temperature stratification is to be expected along the air-flow path.
When hot air is supplied to a cool rock-bed, a continually enlarging zone
of hot rocks is created at the front end. If the air path is long enough,
the rocks at the other end of the bed and the exiting air temperature will
remain cool throughout an entire day of solar heat collection. This situa-
tion promotes good heat collection efficiencies. The cooler the air re-
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turned from the storage to the collector, the lower the collector heat
losses. To provide house heat from a charged rock-bed, the airflow direc-
tion is reversed. House air enters the rock-bed at the cool end and is
gradually heated as it flows around successively hotter rocks. By the
time it exits at the hot end, it is theoretically within a few degrees of
the air temperature which originally charged the rock-bed. The uni-direc-
tional airflow at the Hoods' house presents several potential problems.
If the storage system produces front-to-rear temperature stratification
during storage charging, then when the system switches into the house-
heating mode, the house air starts at the hot end and moves around progres-
sively cooler bottles. The air temperature will at first rise but will
then begin to drop. If the minimum useable heating air temperature is
80*F., there will be periods when a counterflow system could deliver use-
able heat, but when the air delivered by a uni-directional flow system will
be too cool for house heating. On the other hand, if the storage is short
enough to prevent this effect, the collector will run hotter and heat col-
lection efficiency will suffer. These effects will be studied by measur-
ing storage temperatures at the front, middle and rear of the system.
Storage temperature measurements can also be used to test the
effectiveness of the system to retain heat over periods when it is not
needed by the house. In theory, the heat leakage rate from the storage
sandwich should be about 29 Btu/hr *F. For the west half of the system,
this heat loss rate would produce a temperature drop in the bottled water
of less than 1/2*F. per hour (if the average water temperature is 350F.
hotter than the adjoining room air temperatures).
Once the charging and discharging characteristics of the storage
are known, its effectiveness in heating the house can be understood. It
will be interesting to compute the times of year when a fully charged stor-
age system can supply the house heating load for 24 hours.
SEJULED EXPERIMENTS
AND DATA EQUIRED
GARAGE EFFECTIVE THERMAL RESISTANCE X X X X
ATTIC EFFECTIVE THERMAL RESISTANCE X X X X X
MJDROOM EFFECTIVE THERMAL RESISTANCE X X X X
HOUSE HEAT LOSS CALIBRATION X * X XX X X X X X X X
GRAVITY HOT AIR DISTRIBUTION X X X X X X X X X X X
DETERMINE COLLECTOR AIRFLOW RATE X
CHECK BALANCING OF COLLECTOR CHANNELS X
COLLECTOR EFFICIENCY X X X X X
COLLECTOR HEAT LOSS X # X X X
HEAT STORAGE EFFECTIVENESS X X X X X X
*TEST CAN BE DONE ONLY DURING OVERCAST WEATHER
#TEST CAN BE DONE ONLY AT NIGHT
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INSTRUMENTATION
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Approximate Monitoring System Cost
10 temp. sensors and leads, copper-
constantan thermocouples, 200 ft. of
wire
windspeed anemometer, generator and
signal conditioner
180* view Eppley black and white
pyranometer (solar radiation)
15-point strip chart recorder with
cold junction compensation for
thermocouples.
$ 100.00
80.00
600.00
2,400.00
Total $3,180.00
William A. Shurcliff, Solar Heated Buildings,
a Brief Survey, 8th edition, Ccabridge, MA,
by the author, 19 Appleton St., Z975.
General Thoughts
To carry out the set of experiments proposed in the preceeding
chapter, the basic instrumentation requirements were determined to be:
1) at least 9 temperature sensors (the most required in any single test),
2) a device for measuring solar radiation, 3) a windspeed indicator, and
4) a sensitive anemometer for measuring airflow in rooms and ductwork. It
was apparent that the testing process would be greatly simplified if the
bulk of this data could be automatically recorded. For the unoccupied
house heat loss calibration, it was necessary that the data collection
system have automatic recording capabilities. The standard' system for
meeting these requirements would employ a recorder which could accept and
record all data inputs simultaneously (multi-channel recording) or in a
pseudo-simultaneous manner (multi-point recording). In either case, a
continuous graph would be produced for each variable being studied. The
rough costs for such a system are shown in the accompanying table.
Neither equipment of this type nor adequate funding to purchase
it was available. However, it seems that lack of instrumentation is not
the exception but the rule. Energy-conservative buildings are being con-
structed at an increasing rate. Small businesses and private individuals
are carrying out an effective experimental building program. The number
of 'solar heated' buildings in the United States has doubled yearly since
1974.* These buildings encompass many permutations of methodology, materi-
als, climate, building type, construction detailing, and use pattern. The
Energy Research and Development Administration (ERDA) is funding perform-
ance studies of a selected sample of these buildings. For the remainder,
the only datae likely to be forthcoming are the system costs and the heat-
ing bills. This information is inadequate for either evaluation or devel-
opment of a particular energy-conservative building solution. There is
much to be learned from buildings that already exist. ERDA is developing
testing standards and guidelines for evaluating 'solar heated' buildings.
Instrumentation Goals
To assemble a set of instruments which:
is adequate for monitoring build-
ing performance, flat plate col-
lector performance and weather
datae,
provides automatic data recording
for a programmable set of data
collection periods over a 24-hour
cycle,
uses components that are accessible
to the general public,
produces datae that can be immedi-
ately analysed without dependency
on centralized computer facilities,
is portable so that many build-
ings can be tested,
records data at an overall accuracy
of tlO%,
costs less than $1,000.00 (labor
costs included).
There are scores of competent people in any state who are involved in the
field of energy conservation who could carry out a tremendous amount of
critical work on a decentralized basis. This process can be facilitated
by making the instrumentation less costly and more accessible.
It was with this in mind that the development of the inexpensive
monitoring system presented in the following sections was undertaken.
This system does not represent any new technological innovations. The
switching system and the solar radiation sensor have both been built be-
fore in similar form. The other components are standard and easy to find.
In addition, this particular system is by no means perfected and needs ad-
ditional development. The intention was to dive into the problem to see
what could be learned, as well as to see what could be done on a rela-
tively small budget.
Recording and Switching
A single channel strip chart recorder was chosen for the record-
ing device. The used instrument market is glutted with these recorders.
A good used recorder can be bought, renovated, and recalibrated for about
$150.00. A digital switching system was designed and built by Paul Davison
at MIT to sequentially feed up to 15 data signals into the recorder. The
output of these two devices is shown in the diagram on the following page.
Power is continually applied to the recorder to avoid warm-up problems,
but the chart drive is only on during the record cycle to conserve chart
paper. A 24-hour master clock controls the frequency and time of day at
which recording is initiated. When the switching system receives an 'on'
pulse from the master clock, sequential polling of each data channel be-
gins. Each data signal must be connected to the recorder long enough to
produce a stable, legible line. In order to be able to achieve a desired
line length for any chart drive speed, the polling period for which each
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data channel is connected to the recorder is variable. The first data
channel is a 'dummy' channel which zeroes the recorder pen for one polling
period. This allows the chart drive to reach steady speed and also sepa-
rates each group of datae records. The switching system continues sequen-
tial polling until the last active data channel is sensed. This stopping
point is manually set so that any number of datae channels (from one to
fifteen) may be recorded. When the stopping point is reached, the chart
drive is turned off, and the system waits at channel one until the next
master clock pulse is received. Between each channel the strip chart re-
corder input is shorted so that the pen momentarily zeroes. This provides
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Approximate Recording and Switching Costs
(Labor Included)
Single channel strip chart recorder $150.00
Digital switching system 300.00
24-hour master clock 35.00
Total $485.00
TYPICAL WHEATSTONE BRIDIGE CIRCUIT
E.in
Ein
T and T2 = YSI thermilinear thermistor
composite (single sensor)
a clear separation between each data record. In decoding the recorded
information, the time of day is identified by the sequential position of
each data group, and each sensor is identified by its position within
each group.
This is a non-continuous recording system which 'spot-checks'
each variable at predetermined intervals. For example, each variable may
be recorded for one minute each half-hour. This is fine for trending rel-
atively stable variables such as ambient air temperatures. However, for
the case of variables such as windspeed or cloudy-day solar radiation
which may exhibit a more rapid rate of change, a given data point may not
be representative of the average behavior during a particular recording
period. This is not thought to be a serious problem for this particular
application. The windspeed is not a critical variable so long as its
general magnitude is known. The solar radiation datae is used solely for
instantaneous collector efficiency measurements which can only be accu-
rately done on clear days anyway. However, for other applications it
would be helpful to combine a datae integrator with the system, particu-
larly for radiation measurements. In this case, the recorder output would
represent the total radiation during a given period instead of an instan-
taneous reading. Another problem with this recording method compared to
multi-point or multi-channel recording is one of convenience rather than
accuracy. Since a continuous graph is not produced for each variable, it
is more difficult to read trends in datae variation directly off the chart
paper. Nevertheless, the reconditioned recorder and switching system is
about $2,000.00 less expensive than a new multi-point recorder.
Temperature Sensors
Thermistors (temperature dependent resistors) were used for
temperature measurement. A type was chosen which produced a linear rela-
tionship between resistance and temperature. This facilitates reading the
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*The energy received from the sun on a surface
of unit area, at the average sun-earth dis-
tance, oriented normal to the sun's rays in
the absence of the earth's atmosphere (about
429 Btu/ft /hr).
*M. P. Thekaekara, "Solar Radiation Measure-
ment: Techniques and Instrumentation," Solar
Energy. vol. 18 no. 4, 1976, p. 309.
*Angle of incidence = angle between a solar
ray and a line perpendicular to the receiving
surface.
temperature from the recorder output since one unit on the strip chart
graph will represent the same number of degrees over the entire tempera-
ture range. The Wheatstone bridge circuit is used to translate the vari-
ation in thermistor resistance into a calibrated change in voltage which
drives the recorder pen. The expected accuracy of the recorder output is
±3*F. This is about the same accuracy produced by the multi-point re-
corder and thermocouple combination described earlier.
Solar Radiation Measurement
Most physical constants, like the charge of an electron, the
freezing point of pure water, etc., have been measured to within a few
parts per million. However, the solar constant,* the basic measurement of
solar energy is only known to one part in 67.** The most widely used (and
very carefully engineered) instruments for making solar radiation measure-
ments can only claim an overall accuracy of about t5%. A host of problems
make it difficult to achieve even this degree of accuracy.
There are many types of solar radiation measuring instruments.
For measuring radiation on buildings and flat-plate collectors, a station-
ary pyranometer is commonly used. A pyranometer has a hemispherical field
of view. These instruments are normally protected by a transparent dome
and receive radiation on a black planar surface. The surface temperature,
proportional to the solar flux, is transformed to a measureable voltage by
means of thermocouples affixed to the rear of the black surface.
The major source of error in these instruments is the variation
in the amount of energy reflected as a function of the solar angle of in-
cidence.* For a typical situation in which the instrument is horizontal
or tilted toward the south (in the Northern hemisphere). the solar beam
strikes the receiving surface at a significantly sharper angle in the
early morning and late afternoon than it does during the hours around
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#Angular Variation
Paint
Incident
Angle
0-30
30-40
40-50
50-60
60-70
70-80
80-90
Adapted from: J.
Sol
Yor
of Reflectance of Lamp-Black
Fraction of Solar
Radiation Reflected
.04
.05
.07
.09
.12
.19
.34
Kreider and F. Kreith,
ar Heating and Cooling, New
k, McGraw Hill, 1975, p. 75.
*J. Hill et al, Development of Proposed
Standards for Testing Solar Collectors and
Thermal Storage Devices, NBS Technical Note
No. 899, Washington, D.C., U.S. National
Bureau of Standards, 1976, p. 24.
solar noon. If the instrument is calibrated for the noon situation, the
additional reflections at more oblique angles cause the device to under-
estimate the available radiation in the morning and afternoon. The more
sophisticated instruments apparently reduce this effect by varying the
geometry of the transparent cover. The Eppley black and white pyranometer
uses a precision ground glass dome whose wall thickness is tapered in such
a way that light entering at low angles is bent downward toward the re-
ceiver to reduce reflection losses off the black surface. These covers
cost about $170.00 (which for a low budget operation is probably more than
should be paid for the entire instrument). Other potentially significant
sources of error are:*
1) variation of response with ambient temperature,
2) variation in spectral response (atmospheric effects change
the spectral distribution of incident radiation),
3) non-linearity of response,
4) instrument response time,
5) variaiton of response with the tilt of the instrument.
These factors will be investigated in more detail in terms of the alterna-
tive instrument constructed for this study.
It seemed that the simplest approach to building an inexpensive
pyranometer was to use a silicon solar cell as a sensor. This device
transforms solar radiation directly to electricity without the intermedi-
ate steps of changing the light to heat at a black surface and then per-
forming a temperature measurement. By avoiding the thermal capacity ef-
fects of a pyranometer, the response time of a device with a photovoltaic
sensor is essentially instantaneous. The short circuit current of a solar
cell responds linearly to changes in solar radiation. The output can be
measured in millivolts across a low resistance. It is unclear what this
type of photovoltaic instrument should be called; however, the term 'solar-
*An instrument of this type is produced by
RHO Sigma, Inc., and sells for about $130.00.
The accuracy is specified as "within 4% of
a Class Z instrument." This would imply
that the overall accuracy is ±9%.
*K. Selcuk and J. Yellott, "Measurement of
Direct, Diffuse, and Total Solar Radiation
with Silicon Photovoltaic Cells," Solar
Energy, vol. 6 no. 4, 1962, pp. Z55-163.
***Cells were donated
Corp. These cells
and Rademan, Inc.,
by the Solar Power
are available from Herbach
Philadelphia, PA.
COBINED EFFECT OF AIR MASS VARIATION AND
COSINE LAW DEVIATION
120 ,
AIR MlASS
Poo
IIAIR MASS# COSiN
FIG. 7
0 s0o.
1b, 20 30' 4'0' 0 60* 10* 95' -9
ANGLE OF INCIDENCE
,g, 80 0 60 So 4OL 30A 20L T
SOLAR ALTITUDE
imeter' will arbitrarily be used.* Solar cells are not used in the most
accurate instruments because a solar cell's spectral response has a large
peak in the red and near infrared part of the solar spectrum. In the
early morning and late afternoon, when the sun's rays travel through a
relatively large air mass, the power peak of the solar radiation is also
in the red end of the spectrum. At these times of day (solar altitudes
of 10*) the cell output can be as much as 10% greater than if radiation of
the same intensity were received at noon.** The effect is small (less
than 1%) for solar altitudes greater than 30*. As described in the pre-
ceeding paragraph, the reflection losses from the instrument surface are
also greatest in the morning and afternoon (if the instrument is horizon-
tal or tilted toward the south). The increased spectral response and the
increased reflection losses tend to mitigate each other, although as shown
in figure 7 the reflection losses (cosine law deviation) dominate.
The solar cell chosen for the solarimeter is about 2 inches in
diameter and produces about .5 volt in full sunlight.*** The cosine re-
sponse of these cells was tested for several mounting conditions (see
figure 8). It can be seen that these results are slightly better than
those reported by Selcuk and Yellott in figure 7. It is assumed that this
is due to improvements in solar cells and coatings over the last 15 years.
The coated cell shows the smallest variation in reflectivity as a function
of incident angle. The uncoated cell would be unsuitable for a solar ra-
diation detector unless it were weather protected. The cosine law per-
formance of the uncoated cell covered with a pyrex hemisphere shows the
effect of introducing another source of reflection into the system (see
figure 8). The hemisphere was made from the bottom of a pyrex flask and
is certainly not of premium optical quality. The performance of higher
quality hemispheres is worth investigating. An uncovered coated cell was
used as the sensing element for radiation measurements at the Hoods' house.
The cell was tilted at 600 to the horizontal, parallel to the solar col-
lector. However, for horizontal measurements, an uncovered cell would be
more subject to water and dust accumulation. A dome would be helpful in
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Test Conditions
Cell coating: clear silicone shellac
Shunt Resistance: .4 ohm
Light source: 200 watt, 3075 0K projector bulb
Beam collimation: Fresnel lens
Distance from lens to cell: 6 feet
Cell output voltage: 0 to 5 millivolts across
shunt
*Courtesy of Al Converse and Art Blake, Thayer
School of Engineering, Dartmouth College,
Hanover, NH.
coated cell
-pyrex dome over
uncoated cell
- uncoated cell
% true response voltage (i) X 100
at angle i voltage(i=o) X cos(i)
this situation. Also, as described in the case of the Eppley pyranometer,
the dome offers an opportunity for cosine law correction. To this aim, a
frosted dome was produced by sandblasting the interior of a pyrex flask
bottom. It was thought that by creating a light-diffusing cover, angular
dependency could be reduced. This experiment produced a magnificent over-
correction. The percent of true response climbed steadily from 100% at
i=0 to 255% at i=85. It is suspected that a less dense diffusing surface
could perform an effective correction of cosine law deviation. A pyra-
nometer with a frosted dome is sold by Science Associates, Princeton, NJ,
for about $200.00. It has a stated cosine response of ±2% from i=0 to 65
and ±4% from i=65 to 80.
The voltage output of a coated cell was measured as a function
of cell temperature under constant tungsten illumination. Figure 9 shows
that this effect could cause an error of ±10% over an operating range of
-200F. to 140 0F. Temperature dependency was reduced by using a thermistor
to offset the rise in voltage that occurs with increasing cell temperature.
The final cell temperature compensation cannot be done under tungsten il-
lumination because, as the tests by Selcuk and Yellott show, the tempera-
ture dependency effect is less severe in sunlight. Figure 11 shows the
final solarimeter circuit configuration.
A domeless solarimeter using a coated cell was tested against
an Eppley model 8-48 black and white pyranometer.* The results of three
days of clear day testing are shown in figure 10. The ambient air tempera-
ture was also recorded during these tests. The scatter of the data points
at each angle of incidence appears to be caused by over-compensation of
the cell's temperature dependence. Rather than fine-tune the performance
of the solarimeter, it was thought wiser to push on with the rest of the
project. The observed accuracy was deemed acceptable for testing the
Hoods' solar collector since the maximum incident angle required for the
collector testing would be about 60 degrees, and the ambient air tempera-
tures would be similar to those observed during the calibration period
(200 to 65*F.). For these conditions the observed range of true response
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Shunt resistance: .25 ohm
Illumination: 300 watt, 30750K projector bulb
Cell output: 6.7 to 7.7 millivolts across
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was ±6%. Combining this error with an accuracy of t5% for- the Eppley py-
ranometer, the overall expected accuracy would be 11%. It should be
noted that the solarimeter, even in its present state, is quite accurate
on a day-long basis (since the solar radiation is greatest around noon
when the device is most accurate). The daily radiation total of the
solarimeter was within 1% of that of the Eppley pyranometer.
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Recording System Results
The components were assembled and put through a long series of
testing and trouble-shooting. The switching system and the master clock
performed their logic functions well. The recorder was recalibrated and
found to be linear over its full scale within 2%. The Wheatstone high and
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low temperature bridges were balanced and calibrated. Recorded tempera-
ture data were found to be accurate to t3.00 F. full scale and tl.0
0F.,
80% of full scale (referenced to a mercury laboratory thermometer). How-
ever, it was not possible to obtain stable results when recording tempera-
tures. Spot checks during automatic recording showed that certain data
channels would unexpectedly produce spurious signals. There are several
possible explanations:
variations in the contact resistance of the signal switching
relays could be significant in relation to the small voltages
being switched,
high frequency noise generated by the switching system may be
interfering with the data signals,
electrical noise generated outside of the system may be inter-
fering with the data signals,
the fact that Wheatstone bridge circuits use a 'floating
ground' may make them particularly susceptible to interference.
Several filtering arrangements and several temperature circuit variations
were tried without conclusive results. It would seem that this problem
is solvable without major alterations to the system. However, there was
not time to pursue the problem further and still get winter operating
data on the house.
To avoid the interference problem, the recorder was used as a
single channel instrument to record solar radiation. Windspeed was read
from a meter. Temperatures were recorded manually using three electronic
thermometers with remote thermistor probes (expected accuracy: tl.54F.).
Airspeeds in the house and ductwork were measured with a hot wire ane-
mometer.*
The manual method of datae recording proved to be adequate for
all the tests which allowed occupancy of the building. The 'unoccupied
heat loss test' was the only scheduled test which could not be performed.
The manual recording was of course highly inconvenient and time consuming.
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Total System Costs (Labor Included)
Single channel strip chart recorder
Digital switching system
24-hour master clock
12 thermistor sensors
2 Wheatstone bridges (high and low
temperature)
Windspeed anemometer (Type 41 Wind
Speed Generator, Maximum, Inc.,
Natick, MA)
Windspeed rectification circuit
Solarimeter
Total
$150.00
300.00
35.00
144.00
40.00
60.00
20.00
130.00
$879.00
The unpredictability of weather conditions introduced additional difficul-
ties. For instance, the house heat loss calibration required at least one
overcast day. There were several false starts when skies cleared in the
afternoon. With automatic recording apparatus, the appropriate weather
conditions could be picked out of a month of data without any loss of
labor or travel time. For performance testing during an entire heating
season, an automatic data recording system would be absolutely essential.
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Building Heat Loss Tests
The house heat losses were measured in late March. Multiple in-
ternal temperatures and the ambient air temperature were recorded for a
30-hour period during which there were no appreciable solar heat gains.
The house was maintained at an average temperature of 70*F. using only
electric baseboard heating. Internal heat generation from people, lights
and cooking was accounted for. The temperature variation of the solar
heat storage was also recorded to correct for additional heat released to
the house. The rate of heat loss was calculated from the electrical energy
consumption for a 20-hour period of particularly stable internal tempera-
tures (fig. 12). The experimentally determined heat loss rate was 382
Btu/hr *F. This is quite close to the theoretical rate of 399 Btu/hr OF.
presented in figure 1.
Both the experimental and theoretical heat loss projections as-
sume that the infiltration rate is constant throughout the heating season.
As discussed in the chapter on building performance theory, the infiltra-
tion rate should be greater in January and February than in March, even
if the windspeed is constant. In order to assess the effect of variation
in the infiltration rate, the infiltration component of the house heat
loss must be separated from the total experimentally observed heat losses.
In the theoretical calculations it is felt that the infiltration heat
losses are the least reliable part of the calculations. The conduction
heat losses should be accurate once the insulating effects of the garage,
mudroom and attic are determined from the experimentally observed air
temperatures during the calibration period. The results of calculations
for the effective thermal resistances of these unheated spaces are shown
in figure 13. Using these insulation values, the house conduction losses
were recomputed and found to be 295 Btu/hr OF. This is only about 5%
higher than the heat losses by conduction predicted in Chapter 2. By sub-
tracting the corrected conduction losses from the overall experimentally
observed heat loss rate, the infiltration rate for the test period was
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found to be about 1/2 air change per hour. From infiltration measurements
in the literature*, a house with a similar infiltration rate under March
weather conditions exhibited a 33% increase in infiltration rate for air
temperatures analogous to January and a 33% decrease in infiltration rate
for temperatures analogous to May. Applying this variation in infiltration
rate to the heat loss model for the Hood house resulted in a net 5% in-
crease in seasonal heating load. The impact is small because increased
infiltration heat losses in the winter are largely offset by decreased in-
filtration heat losses in the spring and fall. The decrease in spring and
fall infiltration rate relative to March assumes that windows are kept
closed when the ambient temperature is below the desired internal tempera-
ture. In practice, people tend to open windows in the spring and fall for
'a breath of fresh air' even on cool days. The potential of additional
ventilation during the heating season is not treated in this heat loss
model. The projected average heat loss rate is about 400 Btu/hr *F., es-
sentially the same as the theoretical prediction. This degree of corres-
pondence between experiment and theory is attributed to blind luck rather
than rigorous thermal modeling. Nevertheless, the ASHRAE heat loss method
performed remarkably well in this case. Based on this and other personal
experience, it is felt that the ASHRAE method should be accurate within
10% if the building exhibits no large thermal capacity effects and if the
building is tight enough to have a predictable infiltration rate.
Returning to figure 13, the behavior of the unheated spaces can
be investigated in more detail. The garage air temperature was observed to
be- essentially independent of the air temperature in the house. The garage
temperature is more closely related to the ambient temperature, the soil
temperature and the energy received through the windows at the bottom of -
the solar collector. Because of the heat capacity effects of the concrete
slab and walls, the response time of the garage air temperature is slow
compared to hourly fluctuations in ambient air temperature. During sunny
days in 400F. weather, the ambient air temperature was observed to warm up
from 5'F. cooler to 50F. hotter than the garage. Rather than try to model
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this complex behavior, the average observed condition was used in which the
garage temperature was 5QF. warmer than the ambient air. This buffering
effect of the garage is equivalent to increasing the thermal resistance of
the floor between the garage and second level by 20%. This is a conserva-
tive figure to use for seasonal heat loss projections since the moderating
effect of the soil temperature would be greater in colder winter weather.
The mudroom temperature was found to be highly dependent on wind-
speed. Warm air accumulates in the mudroom by heat leakage through the ad-
joining house wall and by warm air flowing out of the house when the mud-
room door is used. The accumulated heat is washed out of the mudroom by
windgusts. In retrospect it would have been worthwhile to build the mud-
room tighter to increase its insulating effects.
The attic was found to increase the effective thermal resistance
of the insulated roof above it by about 10%. The other way to insulate the
attic would have been to insulate its floor and the end wall where the attic
stops at the cathedral ceiling. This would have required about 15% less in-
sulation than insulating the attic at the roof. The internal air tempera-
ture was estimated for the alternative insulation approach. As seen in fig-
ure 13, insulating the attic at the ceiling theoretically provides about
one-half the effective thermal resistance as that observed for the case
where the attic is insulated at the roof. The difference is primarily
caused by the necessity to vent an attic to the outside air to prevent con-
densation when it is insulated at the ceiling of the living space below.
A ventilation rate of .5 cfm per ft2 of ceiling area was assumed. Never-
theless, the difference between these two attic insulation approaches is
only an R value of 1, or about one-third of an inch of fiberglass insula-
tion. The critical consideration is the desired attic air temperature.
If the outside air temperature were 00F. and the inside air temperature
were 73'F., the Hoods' attic would be at about 60'F. The attic space
provides non-freezing storage space so long as the rest of the house is
heated. However, a warm attic can create ice problems by melting the snow
on the roof in sub-freezing weather. The water runs down the roof and re-
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freezes when it reaches the cooler eaves. Whether or not the ice buildup
becomes a problem is related to the quantity of roof insulation, the roof
slope and orientation, the roofing material and construction method, and
the type of eave flashing. On the other hand, if the Hoods' attic were
insulated at the attic floor and end wall, in winter temperatures of 00F.
and internal temperatures of 730F., the attic temperature would be about
4*F. The usefulness as storage space would be more limited, but the po-
tential for ice formation would also be greatly reduced.
Figure 14 shows the final house heat loss breakdown after cor-
rection for the observed insulation value of the unheated spaces and after
modifying the seasonal heat losses for the estimated variation in infil-
tration rate. The insulating effects of the garage, mudroom and attic re-
duced the total house heat losses by less than 5%. The effective insula-
tion value could be significantly improved by 'tightening-up' the garage
and mudroom. In terms of its overall heat loss rate, the house appears
to be in good shape. It has a low infiltration rate (about 1/2 air change
per hour), and the walls and floors are well insulated (6" of fiberglass).
The roof is also insulated with 6 inches of fiberglass. In terms of to-
days fuel prices and new construction costs, insulating the roof with a-
bout 12 inches of fiberglass would be worthwhile. But even if the insula-
tion value of the roof were doubled, the overall heating load of the house
would be decreased by less than 5%. The windows provide the best opportu-
nity for reducing the heating load. If air-tight shades or draperies were
used at night on the larger east, west and south windows, the total house
heating load could be reduced by about 10%.
Analysis of Internal Air Movement
As described earlier, the top floor of the house is heated by
warm air rising up the stairwell from the lower bedroom level. The warm
air is generated at the second level by the woodstove and/or by the solar
collection system. In order to clarify the mechanism of heat distribution
to the upper floor, the major hot and cool air flows were traced with a
hot wire anemometer. The wood stove was the heat source. The outside air
temperature was 25*F. The primary- air flow paths are diagrammed in figure
15. The main current of warm air travels up the wall between the stairwell
and kitchen toward the peak of the cathedral ceiling. A secondary warm air
path moves through the open shelves in the kitchen wall providing heat for
the kitchen and dining room. The air is cooled as it moves over the roof
and down the south wall surfaces. The cooler denser air spreads out across
the floor and flows back down the stairs to the second level. At this
point the cool airflow path splits. Part of the air is drawn to the stove
for combustion air. The remainder flows down to the lower landing. The
warmest air on the landing is displaced and flows back up to the bedroom
level hallway.
The bedroom level rooms are heated by warm air flowing in from
the hallway at the top of the door openings. Cool air flows back out over
the door sills. The airspeed into and out of the bedrooms was about 20
feet per minute. The bulk of the bedroom airflow occurred in a one foot
thick layer at the top and bottom of the doorways. The corresponding
volumetric flow rate would then be about 60 cfm or about 5 air changes per
hour for each room.
The highest airspeeds were discovered at infiltration leaks to
the outdoors. Cold air was discovered whistling through a knothole in the
door between the upper landing and mudroom at 150 feet per minute. If
this hole were not sealed, it could have accounted for almost 10% of the
total building infiltration.
Analysis of Internal Temperature Distributions
In order to understand the relationship between the hot and cool
air streams and the actual heat distribution provided by the gravity heat-
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ing system, the temperature differentials at various points along the major
airflow paths were studied. The temperatures were measured for conditions
similar to those of the airflow measurements: wood heating and an average
ambient air temperature of 350F. The house was allowed to heat up beyond
the limits of comfort in order to accentuate the temperature differentials.
As expected, the highest air temperatures (89*F.) were found at the hall
ceiling in front of the wood stove. The hall ceiling appears to restrain
the hot airflow by forcing it to move horizontally before it can rise up
the stairwell opening. This restraining effect aids the distribution of
hot air to the bedrooms. If the stove were located directly under the
stair opening, the hot air could escape directly upstairs so that the air
circulating into the bedrooms would be cooler. Figure 16 shows typical
observed floor to ceiling temperatures. The hot air moving into the bath-
room and master bedroom sustained these rooms at an average temperature of
iNERNAL TEPPERATURE DISTRIBTIONS FIG. 16
EFECTS OF FLOOR AND CEILING IUPERATUE
(N AIR M0VFENT FIG. 17
COLD
circulation
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68*F. The doors to the study and guest room were closed. These rooms ran
about 10*F. cooler than the bathroom and master bedroom but showed floor
to ceiling differentials (100F.) similar to other rooms on the second
floor. Comparing the average temperatures of the second and third levels,
it can be seen that the upper floor runs about 10% warmer. This is the
desired overall effect. The bedrooms don't need to be as warm as the upper
living area. If necessary, the master bedroom, guest room and study can be
warmed selectively by the solar heating system. The bathroom is the only
problem. The coolness of the bathroom could be largely resolved by instal-
ling an insulating shade on the plexiglass window. This could easily halve
the heat losses of this room.
When the house was designed, it was feared that the cathedral
ceiling might cause the living room to have a large floor to ceiling
temperature difference. Hot air could collect at the thirteen foot high
peak, accelerating the heat loss through the roof wh-ile at the same time
people sitting in the cooler air near the floor could be chilly. Figure 16
shows that this is not the case. In fact, the floor to ceiling temperature
difference is twice as great in the bedrooms. Figure 17 diagrams the liv-
ing room and bedroom situations. The insulated solar heat storage prevents
heat loss through the bedroom ceiling and living room floor. Since the
bedrooms are located over an unheated space, thermal stratification occurs.
In the living room, heat loss through the roof and not the floor promotes
circulation. The warm air rising up the stairwell must also aid in this
circulation process. Apparently the warm air moving from the hallway into
the bedrooms does not appreciably affect the thermal stratification since
the floor to ceiling temperature differentials were observed to be the
same whether or not the bedroom doors were open. This result is not sur-
prising since the warm air enters the bedrooms at the ceiling level rather
than mixing with the cooler air near the floor.
A major conclusion to be drawn from these airflow studies is
that cathedral ceilings can be successfully used in cold climates if the
65
heat loss pattern and heating system promote circulation. The worst situ-
ation would be a cathedral ceiling in a room with a cool floor (slab on
grade, crawlspace or unheated space under the floor) in concert with a
heating system promoting less mixing than a forced air system (baseboard
electric or hot water heat).
The effects of heating the house at the bedroom level by warm air
from the solar collection system produces low living room floor to ceiling
temperature differentials essentially identical to those produced by heat-
ing via the woodstove. The changes at the bedroom level are much more
pronounced. The thermal storage is discharged into the study and master
bedroom through registers near the floor. The warm airflow destroys the
stratification otherwise present in these rooms. When the blowers turn on,
the floor to ceiling temperature difference drops-quickly from about 10*F.
to 4*F. The registers for returning house air back to the heat storage
are located near the floor on the lower landing. As the cool air is drawn
from the landing, it is replaced by air flowing down the stairs from the
hall floor. The average landing air temperature rises to near the average
hall temperature after about an hour of operation. It is not yet known if
the airflow drawn down to the landing could ultimately interfere with the
warm airflow moving across the hall ceiling toward the stairwell. Since
the hallway is used as a two-way airduct, it represents a rare case in which
winter thermal stratification is desirable. If the warm and cool airstreams
begin, to mix, the air returning to the storage may grow too warm for effec-
tive heat transfer, and the air near the stairwell opening may grow too
cool to effectively heat the upper floor.
Thermal Storage Performance
Thermal performance tests were conducted on the west half of the
storage system. Temperature sensors were placed in the airstream at the
front, middle and rear of the west storage unit. When the blowers are
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R = airflow rate, ft3/hr
D = density of air, lbs/ft3 3
C = specific heat of air, Btu/lb ft
p
t= air inlet temp., *F.
to = air outlet temp., *F.
forcing air through the storage, the instantaneous air temperatures meas-
ured by the sensors are significantly different than the water temperature
in the bottles. But the water temperature, not the air temperature, is
indicative of the level of stored thermal energy. The water temperatures
were approximated from the air temperatures by allowing the storage air
and water temperatures to equilibriate for several hours with the blowers
off. Figure 18 shows the observed temperature distributions before and
after equilibriation for a collection cycle and a storage discharge cycle.
At equilibrium the average water temperature was found to be very close to
the temperature of the mid-storage sensor for both the collection and stor-
age cycles. Since the sensors were located in a north-south line running
down the center of the storage unit, there is no direct information about
east-west temperature distributions. If the airflow is evenly spread out
across the storage, the temperature difference moving across any east-west
section (perpendicular to the direction of airflow) should be small. If
the storage is evenly heated in the east-west direction, then the airflow
is well balanced, and the change in the mid-storage equilibrium tempera-
ture can be used to compute the change in the amount of stored energy. The
storage heat gain during a collection cycle was computed hourly from the a-
mount of heat lost by the airstream after passing through storage (see
Equation 4). If the mid-storage equilibrium temperature is representative
of the average storage temperature, the change in the mid-storage tempera-
ture multiplied by the total specific heat of the storage should equal the
sum of the hourly heat gains calculated by Equation 4, if the storage heat
losses are small. This calculation was performed for a six-hour collection
period, and the two heat gains concurred within 5%.
The mid-storage temperature can then be used to calculate the
hourly storage heat loss. The theoretical value calculated in Chapter 2,
which assumed no air leakage, was 29 Btu/hr *F. Figure 19 shows overnight
cooling with no auxiliary heat. The mid-storage temperature drops 5'F. in
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12 hours. This rate of heat loss is then 42 Btu/hr *F. The additional
heat loss compared to the theoretical prediction is attributable to warm
air rising up into the blower plenum. The overall storage heat loss is
not large enough to cause overheating of the house. Even in the late
spring, heat loss from a fully charged storage (1300 F.) would provide less
than half of a day's heating requirements.
The heat storage capacity is large enough to carry the house
heating load for about 12 hours in the dead of winter. Between mid April
and early November the heat storage can carry the heating load for 24 hours
of sunless weather.
The storage air temperatures during a short discharge cycle and
seven-hour collection cycle are shown in Figure 20. Notice the rise in
the peak storage air temperature during collection. By the end of the day
it has risen to 900F., only 5F. cooler than the incoming air from the
collector. Also notice that the hottest air supplied to the storage (front
air temperature) is only about 1080F. During these tests an air leak was
found between the collector and the blower. The maximum collector output
temperature was 1480 F., the leak having caused the air to cool 400F. before
it reached the front of storage. The air leak is not difficult to repair.
The problem is that if the air were entering storage at 1400F. instead of
108 0F., it might be as hot as 1200F. when it returned to the collector.
This could cause a significant penalty in collection efficiency. It is
surmised that the air is not being effectively cooled by the bottle array
because too much air flows around the necks of the bottles. Tim Johnson
has suggested installing an occasional baffle between the bottle necks,
perpendicular to the airflow, to force the airstream down around the bodies
of the bottles.
Although containerized water heat storage systems are not uncom-
mon, there does not appear to be much detailed performance data available.
This makes it difficult to hypothesize the effects of adding baffles or to
draw conclusions about the observed heat transfer performance of the exist-
ing configuration. It would be valuable to be able to compare the perform-
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ance of this system to others using containers of different shapes, sizes,
materials and packing arrangements. This is certainly an area where more
field test data is needed.
Solar Collector Test Results
Before measuring collector efficiencies, the airspeed through
each collector channel was tested with a hot wire anemometer. The airflow
through the west half of the system was evenly distributed; the airspeeds
through these channels were equal within 15% of the average airspeed (115
feet per minute). The airspeeds in the east half of the system varied
about t35%; this part of the system should be rebalanced.
Collector efficiency data was recorded for 3 clear days of opera-
tion for the west half of the system. Collection efficiency is plotted
for several angles of incidence in figure 21. Observed efficiencies ranged
from 26% to 48% depending on time of day, weather conditions and collector
inlet temperature. The efficiency of the Solaron collector discussed in
Chapter 2 is also shown. It is assumed that the Solaron graph represents
datae taken at low angles of incidence. The Solaron performance can then
be compared to the Hood collector performance at noon. The fact that both
graphs intercept the vertical axis at the same point indicates that both
initially absorb the same fraction of incident energy. The flatter slope
of the Solaron collector indicates that it is able to retain and transmit
more of the absorbed energy to the airstream. Averaged over the heating
season, the higher heat losses of the Hood collector should make it about
5% less efficient than the Solaron collector. These results are encourag-
ing. The Solaron system has been developed over many years of research
and testing and is factory assembled. The Hood system is a first attempt
at building hot air collectors and was field assembled.
The collector was tested for heat loss as described in Chapter 2
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by blowing hot air from storage through it at night. From this test, the
heat loss term, FU, was computed to be .7 Btu/hr *F. ft2. The slope of
figure 21, which should also be equal to FUL, is .87 Btu/hr *F. ft2. The
temperature difference between the average collector air temperature and
the ambient temperature for the night tests was about 35'F. This is only
about one-half the temperature difference observed during the heat col-
lection tests. Because of the low temperature difference during the night
test, the higher heat loss of .87 Btu/hr *F. ft2 is assumed to be the more
reliable figure.
The solar collector output was projected for the entire heating
season using methods described by Bruce Anderson.* The average collector
inlet and outlet air temperatures were assumed to be 90*F. and 130*F. re-
spectively. From observation of the collector performance, the system was
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assumed to be operating only when the solar flux exceeded 100 Btu/hr ft
To compute efficiencies, the graph for 11 am and 1 pm (i=264) was used in-
stead of the graph for noon. It was found by computing a weighted average
that the average Btu is collected at an angle of incidence of about 264..
The projected collector output is plotted with the seasonal heating load
in figure 22. From figure 22 the solar collector was computed to provide
about 40% of the seasonal house heating requirements.
The collector efficiency and seasonal output estimates should be
viewed cautiously. The efficiencies plotted in figure 21 can only be as-
sumed accurate to about ±10%. In addition, since the data was collected
over a small part of the heating season, the data points in figure 21 are
closely grouped. A small error in the data would cause a greater error in
the slope of the graph than if the testing could have been performed over
a wider range of climatic conditions.
Economic Analysis
The Hoods' house is heated by a combined system of wood, solar
and electric heat. the solar heating system is projected to provide 40%
of the yearly heating load. The total cost of the solar heating system
was estimated in Chapter 1 to be $5465. The only operating cost associated
with the solar heating system is the electrical energy required to drive
the blowers. If the blowers operate an average of 6 hours per day during
the heating season, the electrical consumption costs about $25 per year at
an electric rate of 54 per kilowatt-hour. If the useful solar heat pro-
duced were stated in kilowatt-hours, the cost to deliver the heat in terms
of blower operating costs would be about .24 per kilowatt-hour. The wood-
burning stove provides the remaining 60% of the heating load. The cost
of the stove and chimney was estimated to be $800.00. The cost of fire-
wood is difficult to estimate. A homeowner owning a woodlot might say
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that his firewood is free. Nevertheless, if the owner's labor time is as-
signed a dollar value, if the land costs are accounted for and if the
costs to own and maintain the wood harvesting equipment are included, the
cost of the firewood could easily be greater than the cost to buy it com-
mercially cut, split and delivered. There is also a significant amount of
time involved in feeding the wood stove. To side-step these difficulties,
a commercial price of $55 per cord is assumed. In order to insure that
the house can be left unattended for long winter periods without fear of
freezing, an abbreviated electric baseboard heating system was installed.
The amount of electric heat used during normal house operation is neglig-
ible. The total capital cost of the house heating system is estimated to
PROJECTED COSTS FOR SELECTED HEATING SYSTEMS (Table A)
initial fuel fuel
heating system cost cost
system cost rate 1st year assumptions
oil $3000 $.02/kwh $260 484/gal., 141,000 Btu/gal.,
- 60% efficiency
electric $1200 $.05/kwh $650 $.05/kwh, 100% efficiency
wood/electric $1600 $.02/kwh $260 $55/cord, 18x106 Btu/cord,
50% efficiency, insig-
nificant electric heat
usage, one wood stove
oil/solar $8465 combined $181
electric/solar $6665 combined $415 electric heat first cost
= $1200
wood/solar/electric $7065 combined $181 electric heat first cost
= $800, insignificant
electric heat usage,
1_ _ 1one wood stove
be $7065. The initial costs and first year fuel costs of the existing
system and other possible heating systems are shown in table A. The sea-
sonal heating costs for these systems are based on a house heating load of
13,000 kilowatt-hours, derived from figure 22 in Chapter 4.
In order to assess the economic viability of a given heating
system, it must be compared to an alternative heating method. Table B
shows various heating system comparisons for the Hoods' house. The capi-
tal costs and fuel costs are taken from table A. The first costs of the
system using the existing solar heating system are greater than the non-
solar heated alternatives. The last column in table B shows the simple
payback period on the additional solar heating investment in terms of the
respective amount saved in yearly heating bills. It can be seen that all
DIFFERENTIAL HEATING SYSTEN COSTS AND PAYBACK PERIODS (Table B)
additional first relative first year simple payback
cost of solar- fuel savings of so- period (column
system comparison assisted system lar-assisted system 2 + column 3)
oil/solar vs. oil $5465 $79 69 years
oil/solar vs.
electric $7265 $469 15 years
electric/solar clearly
vs. oil $3665 -$155 uneconomical
electric/solar
vs. electric $5465 $235 23 years
wood/solar/electric
vs. oil $4065 $79 51 years
wood/solar/electric
vs. electric $5865 $469 13 years
wood/solar/electric
vs. wood/electric $5465 $79 69 years
of the solar heated alternatives have payback periods under 25 years when
compared to straight electric heating. Assuming that the solar heating
system has a minimum lifetime of 25 years, the Hoods' solar heating system
is a potentially viable investment using any of the back-up systems con-
sidered compared to a baseboard electric system.
It is also apparent from table B that an electric/solar system
would not be competitive compared to an oil furnace. The reason is that
the electric heat would be carrying 60% of the heating load (assuming
that the solar heating system provides 40%). The cost of the electricity
to provide only 60% of the heat is greater than the cost of oil to pro-
vide all the heat. Since the oil furnace also would have the lower first
cost, it is clearly the better investment.
The existing wood/solar/electric combination provides the short-
est payback periods among the solar-assisted heating systems analyzed in
table B. The conventional systems which make the Hoods' system look least
economical on a simple payback basis are a wood/electric heating system
and an oil heating system. These systems will be analyzed in more detail
for 'real world' conditions of fuel inflation and general economic infla-
tion.
Since the solar heating system required a large initial invest-
ment, savings are realized over a long time period. The real cost of the
initial investment must be analyzed in terms of what it might have earned
were it invested elsewhere. In order to model the investment potential
of the heating system's initial capital cost, a return on investment of
12% per year will be assumed. This is more than could be earned in a sav-
ings account but is consistent with potential returns from higher risk
investments. Since investing in solar heating today involves uncertainties
associated with new products, a 12% opportunity cost of capital seems to
be consistent with this level of risk. The 12% opportunity cost is ap-
proximately equivalent to assuming a 6% real cost of capital and a 6% gen-
eral economic inflation rate. The relative economic viability of the
Hoods' heating system compared to an alternative heating system is as-
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Present Value Formula
NSt
PV = N t t
t=l (1+)
(Equation 5)
where:
PV = present value of total future
savings during N years
N = time period, years
R = opportunity cost of capital
St = savings in year t
sessed by computing the present value of the expected future savings in
fuel costs. If the present value of the fuel savings over the period of
analysis (25 years is assumed) is greater than the additional investment
required by the solar-assisted heating system, then the solar-assisted
system is considered a better investment than the alternative system
(Equation 5). One of the reasons solar heating is receiving current at-
tention is uncertainty about the future cost and availability of fuel. The
effect of increasing fuel prices on the cost effectiveness of solar heating
investments can be investigated by solving the present value equation for
various potential rates of fuel inflation.
The Hoods' wood/solar/electric system was compared to a wood/
electric system without solar heat. The economic assumptions for the in-
vestment are listed under figure 23. Since the Hoods' single woodstove is
capable of heating the house on its own, the differential investment is
simply the cost of the solar heating system. The value of the first year
of fuel savings produced by the solar heating system relative to heating
solely with wood is $79 as shown in table B. If the cost of firewood is
assumed to rise at the same rate as the predicted rate of general infla-
tion, 6%, the present value of the solar heating system over a 25-year pe-
riod is only $984. Since the differential cost between the two systems is
$5465, in this comparison the solar heating system is clearly uneconomical.
The solar heating system becomes competitive at a yearly inflation rate of
20% in firewood prices. Such a rapid rise in hardwood costs seems unlikely
From this result it is concluded that solar space heating is definitely
in an uncompetitive situation for buildings that can be heated economically
and efficiently with wood heat.
Wood heating, however, is probably neither desireable nor pos-
sible for the majority of homes. The investment analysis was also per-
formed for the Hoods' system compared to an oil-fired furnace. The initial
cost differentials are shown in table B. Figure 23 shows the effect of
fuel inflation on present value for this case. It is assumed that the
price of firewood inflates at the same rate as the general economic infla-
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PRESBf[ VALLE VS. OIL INFLATION (00D/SOLAR/
ELECTRIC VS. OIL FURNACE)*
8 10 12 14 16 18
OIL INFLATION RATE, %
Opportunity cost of capital:
Firewood inflation rate: 6%
Electricity inflation rate
(blower power):
20
12%
same as oil infla-
tion rate
Time period: 25 years
*Computations courtesy of Bob Lincoln and his
TI SR52 calculator.
tion rate (estimated to be 6%). Since the difference in first costs is
$4065, the solar/wood/electric combination becomes economical at an oil
inflation rate of about 12.5% over a 25-year period. A fuel inflation rate
of 12.5% is at the high end of the spectrum of current estimates. However,
a 12.5% fuel oil inflation rate is not beyond the realm of possibility
since fuel oil has inflated at approximately that rate since 1972.*
*U. S. Bureau of the Census, Statistical Abstract
of the United States, Washington, D. C., 1976.
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Ins trumentati on
* Any building performance study should be done with an automatic data recording system, particu-
larly where the uncertainties of weather may complicate performing particular tests. The
labor time involved in meter reading and manual recording quickly justifies the use of data
recording equipment.
* The switching and recording components of the instrumentation system tested could be assembled
for less than $500.00. This is about $1500.00 less expensive than the analogous components
of a new multi-point recording system. The viability of the inexpensive approach is disput-
able until the nature of the signal interference problem is better understood.
* The tests results of the solarimeter show that it is a potentially useful and cost effective in-
strument for studying the performance of solar energy systems. The instrument requires fur-
ther development particularly in the area of temperature compensation. An overall accuracy
of ±10% for incident angles less than 600 should be easily attainable for instantaneous glo-
bal solar radiation measurements. For calorimetric tests requiring full-day radiation totals
the overall attainable accuracy should be very close to that of Class I instruments.
Building Thermal Performance
0 The results of calibrating the house for heat loss confirm that it is relatively 'tight' and well-
insulated. The projected seasonal heating load of the building is $650 per year in terms of
electric heat at 54/kwh or 5 cords of hardwood at 50% combustion efficiency. The projected
heating load is reasonable in terms of the Hoods' experience in heating the house solely with
wood heat.
} An infiltration rate of one-half air change per hour in March for typical occupancy characteris-
tics was deduced from the test results. Since the infiltration rate is dependent on the
indoor-outdoor temperature difference, the potential change in the infiltration rate during
other parts of the heating season was explored by comparison to ASHAE infiltration studies.
It was estimated that the infiltration rate could increase 33% in tne winter and decrease
33% in the spring relative to the March test results. The net effect of the variations
would be to elevate the average infiltration heat losses about 20% above the value derived
for March.
* The effect of unheated spaces adjoining the building envelope on the building heat loss was
studied experimentally. The air temperatures in the garage/workshop (which forms the base-
ment of the house), the mudroom and the attic were recorded for several days. These spaces
were found to reduce the overall building heat loss by about 5%. The insulating value of
these spaces could perhaps be doubled if they were more tightly sealed.
* The results derived from testing the building were compared to a theoretical heat loss calcula-
tion based on standard ASHRAE techniques. The experimental conduction losses were about 5%
higher than the theoretical prediction; the average experimental infiltration losses were
about 10% lower than predicted by the ASHRAE 'crack method.' It appears that the 'crack
method' predicts a high infiltration rate analogous to winter rather than average conditions.
The net effect of these two deviations created an overall experimental building heat loss
rate of 400 Btu/hr *F., essentially identical to the theoretical prediction.
Internal Heat Distribution
* The kitchen, dining room and living room are located on the floor above the bedroom level. Heat
is provided at the bedroom level by a wood-burning stove and/or the solar heating system.
The upper living areas are heated by warm air rising up an open stairwell from the bedroom
level hallway. This gravity heat distribution method was found to work very successfully.
In March when heating with the woodstove, the average living area temperature was 720F. when
the bedrooms were at 65*F. The gravity distribution system efficiently heats both levels
while minimizing stoves and ductwork.
* The cathedral ceiling in the living room was observed to create no particular comfort or heat
loss problems. Since the living room is heated from the floor below, the living room floor
tends naturally to be warm. The warm air rising to the ceiling, cooling and falling back to
the floor creates a strong enough circulation loop to keep the floor to ceiling temperature
differentials small. In fact, the floor to ceiling temperature difference in the living
room (13 feet, floor to peak) was found to be only half that of the bedrooms (7 feet, floor
to ceiling). It is concluded that high-ceilinged rooms can be used successfully in cold
climates if the ceiling heat losses are large relative to those through the floor and if the
heating system promotes circulation.
Solar Heating System
* The heat storage system is not extracting heat from the airstream during heat collection as well
as had been hoped. This problem is explained in terms of two factors:
. the storage system is relatively small (1 gallon of water per square
foot of collector) and
. the bottle shape provides an easy airflow path around the necks, above
the major volume of water.
By introducing occasional baffles between the bottle necks, perpendicular to the direction of
airflow, the heat transfer can be improved. The quantitative effect of this potential im-
provement is unknown. Since the storage is discharged in the same direction as it is charged,
some rise in the outlet air temperature during heat collection must be tolerated, otherwise
the air temperature during the discharge cycle may be too cool for heating when there is
still a significant amount of heat stored in the bottles at the front of the storage.
4} The solar collector was estimated to have cost $3 per square foot more than conventional construc-
tion of the south wall. The collector showed respectable efficiencies compared to a com-
mercially manufactured unit. This result verifies the assumption that effective solar air
collectors can be economically built in the field.
* The net cost of the solar collection system was $5465 or about $13.75 per square foot of solar
aperture. Performance predictions for an average heating season showed that about 40% of
the house heating load should be carried by solar heat. A simple payback analysis showed
that the solar heating system is competitive with electric resistance heating. A present
value analysis indicated that this, and most other solar space heating systems, cannot com-
pete with well-designed wood heating systems unless the cost of firewood increases on the
order of 3 times as fast as general economic inflation. Compared to an oil-fired heating
system, the Hoods' wood/solar/electric system will prove economical if oil prices increase
on the order of 13% annually in terms of a 25-year life cost period. Solar energy today is
economically unique in that it is still a virtually unsubsidized energy source. Unlike a
user of electricity or oil, the solar homeowner in effect pays ten or twenty years of fuel
bills in buying the solar equipment without benefit of government fuel price controls. The
fact that the Hoods' heating system is even marginally competitive with oil heating is a
good omen for the future. Modest federal incentives for solar heating in the private sector
could tip the balance away from fossil fuels and help reduce the burden on centralized energy
production facilities.
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CONTROL
STORAGE NO
HOTTER THAN
80 F.? C Torage
thermostat
YES
HOUSE NO
NEEDS HEAT?
house
thermostat
YES
POWER ON TO BLOWERS
POWER ON TO REGISTER & RETURN
DUCT CONTROLSI
POWER OFF TO BLOWERS
POWER OFF TO COLLECTOR DUCT
CONTROL
blowers off
only if
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POWER OFF TO BLOWERS
POWER OFF TO REGISTER & RETURN
DUCT CONTROLS
THE BLOWERS WILL ACTUALLY ONLY BE OFF ON AN "AND" CONDITION, I.E. ONLY IF BOTH
THE COLLECTOR IS OFF AND THE STORAGE IS TOO COOL OR THE HOUSE DOES NOT REQUIRE
HEAT.
SYSTEM RUNNING TIME: THERE ARE TWO MECHANICAL TIMERS; ONE IS ON WHENEVER THE
BLOWERS ARE ON. THE OTHER IS ON ONLY WHEN THE COLLECTOR IS ON. THE DIFFERENCE
BETWEEN THE TWO REPRESENTS THE LENGTH OF TIME OF STORAGE DISCHARGE.
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